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1. INTRODUCTION 

Liquid-fueled rocket motors depend on turbopumps to deliver fuel and oxygen to the combustion 
chamber at a very high but finely controlled mtws flow rate. The bearings in certain types of 
turbopumps are lubricated and cooled by the flow of liquid oxygen through the bearing assembly. 
The bearings on the turbopump shaft are open cage ball bearings of specially seleded alloys 
designed to meet the load requirements of turbopump service at speeds of up to 35,000 rpm. 

If the surface of a bearing ball or race is subjected to excess wear, the stresses on the bearing 
become irregular and the lubricating film of oxygen cannot support the uneven load. Deteriora- 
tion of the bearing begins when the lubricating film breaks down. The heat of friction 
increases, stress irregularities increase, damage to the bearing becomes more severe, and the 
increase in frictional heat continues until the kindling temperature of the metal is reached. 
The turbopump is then consumed by fire. Therefore, integrity of the turbopump bearings is 
very important to the operation of a liquid-fueled rocket motor. 

To ensure the integrity and reliability of turbopump bearings, the alloys and surface treatments 
used in the turbopump bearings are tested for durability under simulated rocket motor service 
on the bearing materials tester (BMT) at Marshall Space Flight Center (MSFC). However, 
further assurance of bearing integrity and reliability could be realized by continuously monitor- 
ing the turbopump bearings on a rocket motor to detect and record any changes in surface 
condition that may indicate the onset of bearing failure. 

A three-phase research program was initiated by NASA in 1983 to investigate the use of acous- 
tic monitoring techniques to detect incipient failure in turbopump bearings. Two prototype 
acoustic coupler probes were designed and evaluated, and four units of the final probe design 
were fabricated and delivered to MSFC. Success in t h i s  program could lead to development of 
an on-board monitor which could detect bearing damage in flight and reduce or eliminate the 
need for disassembly after each flight. 

This final report reviews the accomplishments of the first two phases and presents the results 
of fabrication and testing completed in the final phase of the research program. 
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The acoustic coupler probe (ACP) was designed to monitor the average noise level from the 
bearing balls in rolling contact with the outer race. The probe contach the bearing race on 
the outer radius. The point of the probe in contact with the bearing race couples the sound 
to a piezoelectric element The piezoelectric element has a primary free resonance at about 
640 lrHz due to cross coupling in the element between the radial and the thickness vibration 
modes. This cross coupling is strong because the thicknese-to-diameter ratio is near 1. 

The output of the probe is conditioned in a preamplifier to remove frequencies below 200 lrHz 
and match the high sensor impedance'to a 50-93 ohm coaxial cable. The preamplifier is battery 
powered in the prototype configuration to provide isolation from power supply noise and elimi- 
nate the possibility of a ground loop between the sensor and the preamplifier power supply. 
The preamplifier drives up to 1500 feet of coaxial cable. The cable must be properly terminated 
at the data acquisition station. 

The system is designed to use low frequency variation of the RMS voltage output of the pre- 
amplifier as the primary analysis parameter. Trends in the RMS output are correlated with 
the bearing condition at a given coolant flow and rate of rotation of the bearings. With all 
four bearings of the BMT instrumented, direct comparison from bearing to bearing will increase 
the sensitivity to detection of bearing wear or surface deterioration. 

The acoustic response of the probe over the frequency range of 200-800 lrHz is used to monitor 
the bearing noise. The total noise monitored includes the noise generated by high velocity 
coolant (liquid nitrogen) flow through the open cage of the bearing. This flow noise usually 
includes high-level turbulence and may include cavitation under extreme conditions. Cavitation 
noise is particularly intense and rich in the same frequencies as the expected noise from bearing 
damage. This may be due to the fact that the collapse of cavitation bubbles near the metal 
surface can cause fracture and erosion of the metal. In any event, the bubble collapse is a 
sharp impulse of pressure sufBcient to produce yield or fracture in the steel. 

The technical accomplishments of the first two phases of this program are detailed in Appen- 
dices 1 and 2. A very brief summary is given here. 

21 PmtatypesandTestsatMSFC 

The first phase of the research program was directed toward the development of an 
acoustic probe to monitor the performance of liquid oxygen (LOX) cooled and lubricated bearings 
which were being evaluated by MSFC on the BMT. 

Bearing performance could be monitored by the acoustic probe if other noise 
sources could be screened out The high velocity flow of the LOX around the bearing balls 
and the mechanical noise from the BMT drive system were the primary sources of interfering 
noise. During Phase I, an acoustic probe was developed for access through a special port in 
the BMT to make acoustic contact with the edge of the outer bearing race on the number 1 
bearing. This design was judged to be unsafe because the severe turbulence of the LOX flow 
around the probe could cause the probe to vibrate and possibly break off, damaging the bear- 
ings. Details of Phase I accomplishments are included in Appendix A. 
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An alternative acoustic coupler probe (ACP) design was developed and evaluated 
on the BMT in Phase II of the research program. For thia design, access to the bearing race 
surface was through existing instrument ports which were shielded from the LOX flow. Figure 1 
illustrates the installation of the ACP on the BMT. 

The ACP prototype was evaluated on bearing number 3 during bearing tests on 
the liquid nitrogen BMT. Figure l(a) shows the BMT prior to a test run with the ACP installed 
in port number 29. The BMT is extensively instrumented, making it diflicult to distinguish the 
ACP from other sensor probes mounted on the BMT body. Figure l(b) is an enlargement of the 
section of the BMT around the ACP. The ACP is indicated by a pointer on the picture. 

The BMT tests showed that the level of R,MS noise from the probe during initial 
run-up to maximum flow of liquid nitrogen and bearing rotation of 30,000 rpm was less than 1 
millivolt RMS at the sensor. This measured level of noise was a factor of 50 below limit of 
linear dynamic range of the preamplifier, and the variation of the flow/rotation noise level was 
sufficiently low that it would be possible to detect a sustained increase above the initial back- 
ground level of as little as 20 microvolts RMS. This means that the sensitivity to bearing 
damage noise is adequate to detect an increase in roughness due to wear during the test. The 
results of monitoring bearing testa on the BMT showed that the background noise due to LOX 
flow and the drive mechanism could be suppressed sufficiently to detect a small change in the 
noise contribution due to bearing surhce noise. A detailed report of the accomplishments of 
Phase II may be found in Appendix B. The following sections address the design review, probe 
fabrication, and laboratory testing of a set of four ACP units based on the prototype design 
tested in Phase II. 

2.2 FabricationafFanrACPs 

The final phase of the research program addressed the fabrication and testing of four 
additional ACPs which could be used to monitor all four bearings of the BMT. Monitoring all 
four bearings simultaneously would enhance the sensitivity for bearing damage detection by 
bearing-&bearing comparison of noise signatures. This section reviews the design and assembly 
of the ACP. 

221 DesignRariar, 

The ACP was designed to fit into the ball pass or thermocouple ports on the 
liquid nitrogen version of the BMT (materials used in probes are not rated for liquid oxygen). 
The performance of the prototype ACP during testing on the BMT was satisfactory. Inspection 
of the disassembled ACP indicated no damage to internal components. Design review resulted 
in selection of the prototype design for fabrication of a complete set of ACPs for further 
testing on the BMT. 

222 ACPAssembLy 

The ACP is shown in cross section in Figure 2. Acoustic pressure waves from 
the bearing are coupled by the rod through the anvil to the piezoelectric sensing element. The 
piezoelectric sensing element converts the pressure wave to an alternating electrical voltage. 
The voltage is coupled to the coaxial cable connector at the top of the assembly through the 
compliance/force spring and the rod through the packing gland. The electrical circuit is com- 
pleted through the anvil and the coupler rod to the body of the assembly by means of a conical 

I 
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a. Bearing Materials Tester Showing Location of ACP on Bearing 
No. 3 

b. ACP Mounted on BMT 

Figure 1. Acoustic Coupler Probe Mounted on BMT 
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Figure 2. Cross Section of Acoustic Coupler Probe 
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spring located where the coupler rod enters the body of the assembly. Acoustic isolation and 
electrical insulation of the piezoelectric sensing element from the body of the assembly is 
provided by the tefion anvil guide tube. 

Installation of the probe on the BMT requires that the depth of the port be 
measured. It is necessary to adjust the spring pressure on the tip of the coupler rod against 
the bearing outer race to obtain a contact force of 2 to 5 pounds. The contact force depends 
on compression of the spring above the piezoelectric element The spring compression can be 
adjusted when the packing gland is not sealed by turning the rear nut on the coaxial cable 
connector after loosening the lock nu t  When proper compression of the spring is achieved, 
the lock nut on the coaxial cable connector is tightened, and the packing gland is sealed by 
tighteningthe cap to the body. 

Three types of functional tests were conducted to characterize the ACP preamplifier 
units. Second, the 
acoustic couplers were evaluated under two specific conditions of damping on the coupler rod. 
Third, the effect of damping on the piezoelectric element was evaluated. The signal source 
used for characterization of the ACP units is described below. 

First, the gain-phase response of the preamplifiers was characterized. 

The pencil lead break signal is a standard source for acoustic emission sensor 
and systems testing. This standard source was developed by the National Bureau of Standards 
and adopted by ASTM (E976-84). The pencil lead, extended 1 mm from the pencil tip and held 
at an angle of 45 degrees to the test surface, is used to apply a gradually increasing stress 
normal to a test surface. The bending load thus applied to the extended pencil lead suddenly 
fractures the pencil lead, releases the load on the test surface, and produces an elastic wave in 
the test piece. A pencil lead (0.5 mm, 2H) break was the broad band impulsive signal source 
used for the spectral characterization of each acoustic coupler. 

23.2 Testsetyp 

The functional tests on the ACP units were carried out using the instrumentation 
setup shown in Figure 3. The gain phase characterization of the preamplifers was performed 
on a Hewlett-Packard HP-4194 Gainphase analyzer. 

The preamplifier used with the ACP is a standard SwRI-developed acoustic emis- 
sion preamplifier modified to operate on external battery power at a gain of 22 dB into 50-ohm 
termination. The gain/phase response of five preamplifiers is shown in Figure 4. The pre- 
amplitier design includes a high pass filter with a sharp cut-off at 200 kHz to reduce the ACP 
response to lower frequency mechanical and fluid turbulence noise. The gain plots show that 
the preamplifiers are not band limited below 5 MHz, and the phase plots indicate that the 
high pass ater introduces a phase rotation in the cut-off region, but the phase shift varies 
slowly through the amplifier in the pass band. Further data on the preamplifier performance 
including gain, maximum input/output voltage, and input impedance are listed in Table 1. 

6 
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Table 1 

PREAMPLIFIER PERFORMANCE DATA 

Input output 
(millivolts ( V d t 8  

Serial No. peak-to-peak) peak-to-peak 

54A 148 4.69 31.6 

134A 146 4.58 31.0 

50 135 
(unit returned 
from MFSC) 

4.59 34.0 

57A 138 4.61 33.4 

113 141 4.51 31.9 

NOTE: Input is adjusted until output just begins to clip; then output is measured. 
All readings are with no load. 

234 ACP Testa 

The ACP design subjects the coupler rod and the piezoelectric element to wetting 
by the liquid nitrogen or LOX in the BMT chamber. Wetting of the coupler rod and the piezo- 
electric element could change the sensitiviw of the ACP due to acoustic damping. Two types 
of tests were conducted to evaluate the ef€& of damping the couplant rod and the piezo- 
electric element on the sensitivity and the spectral response of the ACP. One test series was 
designed to evaluate the effects of damping on the acoustic coupler rod, and the second test 
series was designed to determine the effect of damping material applied to the back surface of 
the piezoelectric element. Both series of tests were analyzed by comparison to the response 
of the ACP in normal configuration as indicated by the performance data listed in Table 2. 
Table 2 documents the input impedance, center frequency, bandwidth, and sensitivity in terms of 
response to a standard lead break signal. 

The results of the coupler rod damping test series are shown in Figure 5. In 
Figure 5(a), the coupler rod was clean and dry in order to minimize the damping of acoustic 
waves at the rod surface. In Figure 5&), the rod surface was coated with DC-4 silicone 
compound in order to maximize the coupling of the rod surface to the teflon guide tube. Some 
variation in the maximum amplitude between damped and undamped rods was evident. The 
sensitivity with damping tended to be higher than the sensitivity without damping. Damping 
tended to reduce the lower frequencies in the 200- to 4OO-lrHz range and enhance the frequen- 
cies above 400 kHz. 
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Table 2 

ACP PERFORMANCE DATA 

Load-Break 

Bandwidth Frequency Amplitude 
ACP No. &ohm) (+lo dB) 1 (millivolt) 

output Center Peak-to-Peak 
Impeaance 

0 16 820 566 3.2 

1 15.7 700 508 5 

2 16.1 546 430 12 

3 15.9 469 390 3.9 

4 14.5 664 527 5.1 

Effects of damping on the piezoelectric element were evaluated by insertion of 
DC-4 compound into the probe against the back of the piezoelectric element. Comparison of 
the damped and undamped piezoelectric elements is shown in Figures 6(a) and 66). The effect 
of the damping is measurable but not detrimental to the function of the ACP. The evaluation 
of damping effects indicates that wetting of the rod and the piezoelectric element do not 
seriously change the sensitiviv or spectral response of the assembly. The wetting condition 
would begin as the BMT is cooled down to operating temperature, and the condition would 
persist throughout the test 

The five ACPs were calibrated using the test setup detailed in Figure 3. The lead break 
acoustic source was used to excite the ACP through a test block. The ACP coupler rod tip 
was compressed into the housing by 0.1 inch to produce adequate coupling pressure. The 
waveforms were recorded on a transient recorder, digitized, and analyzed by a fast Fourier 
transform to obtain the spectral response of each probe. Figure 7 documents the spectral 
response and the waveform sample used for calibration of each ACP. Table 2 contains a sum- 
mary of the performance data on each ACP. This calibration test or other performance meas- 
urement procedure should be repeated at &month intervals to assure continued performance of 
the ACP units. 
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Figure 6. Spectral Amplitude Response of ACP No. 4 Showing Effect of Damping on 
Piezoelectric Element 
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3. CONCLUSIONS AND RECOMMENDATIONS 

The development of an acoustic coupler probe for monitoring the change in bearing noise due 
to wear or bearing damage was completed. Tests on the Bearing Materials Tester at MSFC 
showed that the dynamic range and the sensitivity of the ACP were suf6cient to detect changes 
in the bearing n o i i  during full flow at maximum rotational speed of the BMT. Four production 
units and a spare! were delivered to MSFC, and instrumentation sta€f were instructed in proce- 
dures for instahtiion and checkout of the ACPs. 

It is recommended that the ACP units be used on the BMT to acquire data from several types 
of bearing materials under Varying loads and conditions of damage to the bearing ball and race. 
It is further recoinmended that the ACP design should be upgraded for on-board monitoring of 
bearings in turbopumps during earth-to-orbit flights. 
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EXECUTIVE SUMMARY 

In  January 1983, t h i s  project  was i n i t i a t e d  with the  object ive t o  develop 
conceptual designs f o r  one or more mechanisms capable of coupling acoust ic  
i n t e l l i g e n c e  from bearings i n  the  National Aeronautics and Space Adminis- 
t r a t i o n  (NASA) "bearing materials tester" (BMT) to  an ex te rna l ly  mounted 
acoust ic  emission sensor. 

This project  w a s  Phase I of a program directed t o  the l a rge r  problem of 
developing a device to  de t ec t  i nc ip i en t  bearing f a i l u r e  i n  the  BMT. Bear- 
ing f a i l u r e  i n  the l i qu id  oxygen environment of the BMT can have cata- 
s t roph ic  r e s u l t s .  

Southwest Research I n s t i t u t e  (SwRI) suggested th ree  designs f o r  the acous- 
t i c  coupler f o r  the Bm. The f i r s t  design, ca l l ed  the hooked acoust ic  
coupler waveguide, was developed t o  meet the spec i f i ca t ions  of the Request 
f o r  Procurement. 
designated po r t ,  negotiated a l b d e g r e e  o f f s e t ,  and then the hooked end of 
the coupler contacted the s i d e  of the outer  race of bearing number 4. Two 
a l t e r n a t i v e  designs were suggested: mounting of a sensor on the outside 
of the  Bm housing; and i n s t a l l a t i o n  of a s t r a i g h t  acoust ic  coupler i n  
e i t h e r  a b a l l  pass counter port o r  a thermocouple por t .  

The acoust ic  coupler entered the BMT housing through a 

Evaluation of t he  hooked design by NASA engineering showed t h a t  severe 
v ib ra t ion  of the hooked coupler would be caused by coolant flow turbulence 
i n  the cavi ty  where the acoust ic  coupler contacted the s ide  of the bearing 
race. Analysis of the housing-mounted sensor configuration showed tha t  
t he  sensor would be exposed t o  extraneous noises  which would mask the  low- 
l e v e l  noise from bearing damage. Therefore, the s t r a i g h t  acoust ic  coupler 
design was se l ec t ed  by NASA engineering. 

This repor t  describes the development and ana lys i s  of the acoust ic  coupler 
designs and recommends an instrumentation system f o r  use with the s t r a i g h t  
acoust ic  coupler design t o  monitor bearing noise on the BMT. 
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1 INTRODUCTION 

Acoust ic  s u r v e i l l a n c e  of r o t a t i n g  element bear ings goes back t o  the  t i m e  
when man f i r s t  l earned  t h a t  i f  he stopped and greased t h e  squeaking wheel 
on h i s  wagon, t h e  axle and t h e  hub would not ca t ch  f i r e .  The problems now 
being experienced with rocket  engine turbopump bear ings  have taken us  f u l l  
c i r c l e .  Now it is  t h e  l i q u i d  oxygen t h a t  i g n i t e s  t he  e x o t i c  steels i n  the  
turbopump bearings when a bear ing begins t o  f a i l .  There i s  l i t t l e  resem- 
blance between t h e  e x o t i c  device i l l u s t r a t e d  i n  F igure  1 and the  hub of a 
wheel on a p r a i r i e  schooner, but  t h e  problem i s  t h e  same. F r i c t i o n  
produces hea t ,  and hea t  i n  t h e  presence of f u e l  and oxygen causes  f i r e .  
The purpose of t h i s  p r o j e c t  is  t o  develop a method t o  hear  t h e  squeaking 
of t h e  wheel before  t h e  bear ing begins t o  burn. 

This  p r o j e c t  is Phase I of a program aimed a t  development of a method of 
de t ec t ing  i n c i p i e n t  f a i l u r e  i n  t h e  bear ings  of t h e  NASA bearing materials 
tes ter  (BMT) wi th  s u f f i c i e n t  warning t o  shu t  down t h e  BMT and prevent a 
c a t a s t r o p h i c  f a i l u r e  due t o  i g n i t i o n  of t h e  s tee l  i n  t h e  bear ings  by c o w  
b i n a t i o n  wi th  the  l i q u i d  oxygen. The BMT i s  a f a c i l i t y  which tests new 
materials and new bearing des igns  f o r  t h e  bear ings  of turbopumps which are 
used t o  supply l i q u i d  oxygen and f u e l  t o  rocke t  engines.  
and t h e  bear ing materials tester use  l i q u i d  oxygen as both a l u b r i c a n t  and 
a coolan t  f o r  t he  bear ings.  I n  order  t o  provide cool ing  and l u b r i c a t i o n ,  
t he  l i q u i d  oxygen i s  pumped through t h e  bear ing assemblies  a t  a p re s su re  
of 500 p s i .  
bear ings  as w e l l  as f o r  a c o u s t i c  s u r v e i l l a n c e  of t h e  bear ings.  

The turbopumps 

This  environment provides severe opera t ing  cond i t ions  f o r  t h e  

The s p e c i f i c  o b j e c t i v e  of Phase I w a s  t o  develop design concepts f o r  
mechanisms capable  of coupl ing t h e  a c o u s t i c  no i se  from t h e  bear ings  i n  t h e  
BMT t o  an e x t e r n a l l y  mounted a c o u s t i c  sensor.  F igure  2, a c ross - sec t iona l  
view of t h e  BMT, shows t h e  l o c a t i o n  of t h e  s h a f t  and t h e  bear ings  and 
i l l u s t r a t e s  the  problem of access t o  the  bear ing race through the  housing 
and the  bear ing carrier. 

Phase I s p e c i f i c a l l y  addressed t h e  problem of developing an a c o u s t i c  
coupler  f o r  t h e  57-mm bear ing  test f a c i l i t y  us ing  an  access por t  l oca t ed  
ad jacen t  t o  the  number 4 bear ing.  
o u t e r  race of t h e  number 4 bear ing  was narrow and angled from t h e  access  
p o r t  i n t o  the  bearing. 
which had a bend and then a sharp  hook a t  the  end of i t ,  as i l l u s t r a t e d  i n  
F igure  3. 

The channel from the  access por t  t o  t h e  

This  r equ i r ed  t h e  design of an a c o u s t i c  waveguide 

S ince  t h e  o v e r a l l  o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  d e t e c t  t h e  i n c i p i e n t  
f a i l u r e  of t he  bear ing i n  t h e  BMT wi th  s u f f i c i e n t  e a r l y  warning t h a t  t h e  
BMT can be shut  down before  the  l i q u i d  oxygen and the  steel  of t he  hea ted  
bear ings  i g n i t e ,  it i s  important t h a t  t he  de t ec t ion  device be s e n s i t i v e  t o  
very small amounts of damage i n  the  bear ing;  t h a t  is, low-level no i se  must 
be de tec ted .  One inhe ren t  problem i s  t h a t  no i se  from sources  such as 
t u r b u l e n t  flow of t he  l i q u i d  oxygen and poss ib l e  c a v i t a t i o n  of t h e  l i q u i d  
oxygen could mask the  low-level s i g n a l s .  A secondary problem i s  wi th  t h e  
des igna ted  access por t .  It was necessary f o r  t h e  a c o u s t i c  waveguide t o  
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Figure 2. 
Materials Tester Showing the Shaft and the 
Location of the Four Bearings and Their Carriers. 

A Cross-Sectional View of the Bearing 

n 

-l l A l l  

Figure 3 .  The Hooked Acoustic Coupler. The coupler is 
shown installed in the bearing materials tester. The 
small end of the coupler is in contact with the outer 
race of the number 4 bearing. This sketch shows the 
direction in which the coupler enters the housing and 
angles through the access channel to the number 4 
bearing. 
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pass through the stream of oxygen flow, unshielded, on its way from the 
outer housing of the BMT to contact the rsce of the number 4 bearing. 
This exposure to the flow of the liquid oxygen and, in particular, the 
turbulence in the area could lead to vibrations and perhaps even liftoff 
of the contact point of the acoustic coupler, which would interfere with 
the detection of noise from the bearing. 

This report discusses the acoustic waveguide design concept and describes 
the development and evaluation of the acoustic coupler design concepts 
used in this program. Recommendations are given for an instrumentation 
system to be used with the selected acoustic coupler design to monitor 
bearing noise on the BMT. 
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2.  TECHNICAL DISCUSSION 

Acoustic surveillance of rotating equipment bearings is in general use 
today. Motors and pumps for critical applications are commonly supplied 
with acoustic bearing monitors in place. Application of acoustic surveil- 
lance to the BMT facility to detect incipient failure in the bearings is 
unique only in that the liquid oxygen and its high flow rates provide a 
severe environment in which to detect acoustic noise due to bearing 
damage. 

The detection of bearing noise due to damage or overheating of the bear- 
ings in the BMT would be straightforward except for the fact that the 
liquid oxygen flowing through the bearing assemblies generates noise due 
to turbulence and cavitation. Turbulence noise is usually in a frequency 
range below 100 kHz, while cavitation noise may extend to frequencies as 
high as 1 MHz. 
system--noises from other bearings, valves, actuators, and solenoids. 
These mechanical noises also are in the frequency range below 100 kHz. 

Another source of noise is mechanical noise in the 

Based on our experience, we decided to concentrate on a frequency range 
for our'acoustic monitoring above 100 kHz and below 1 MHz on the 
assumption that most of the information we need would be in that frequency 
range. 
selection of a frequency band where the turbulence noise is minimized and 
the bearing damage noise is maximized. Usually the desired frequency band 
lies above 100 kHz and below 1 MHz because turbulent flow noise, being 
related to the flow velocity and the physical dimensions of the mechanical 
components, resides in the lower frequencies below 100 kHz. 

The solution to the basic problem of turbulent flow lies in the 

Cavitation, on the other hand, involves the formation and violent collapse 
of tiny vapor bubbles which generate acoustic transients having broad fre- 
quency spectra extending to more than 1 M H z .  
be of sufficient intensity to mask the changes in bearing noise we seek to 
detect. The bearing noise signature w i l l  change because of a damaged bear- 
ing ball or overheating of the bearing due to general surface damage. 
Initially, the change in bearing noise will be on the order of a few per- 
cent, but as the damage to the bearing accumulates, the noise will increase 
to a few hundred percent of the noise of a normal bearing. 
noise, however, nay be on the order of 500 to 1000 percent of the normal 
bearing noise. 

Cavitation in the BMT could 

Cavitation 

It is fortunate that an acoustic bearing monitor detects and identifies 
cavitation because cavitation can be a major source of bearing damage. 
Cavitation can cause erosion and pitting in both the bearing race and the 
bearing balls. 
tor would be identification of the conditions of bearing operation under 
which cavitation would occur. The acoustic bearing monitor wouid be able 
to perform its primary function of detecting bearing damage only when 
cavitation is not present. 

The first order of business for the acoustic bearing moni- 
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2 . 1  I n i t i a l  Design Concepts 

Based on a n a l y s i s  of NASA drawings of t he  57-mm bearing m a t e r i a l s  
test  f a c i l i t y ,  SwRI considered t h r e e  p o s s i b i l i t i e s  f o r  coupl ing the  acous- 
t i c  noise  from t h e  bear ing t o  t h e  environment ou t s ide  the  BMT housing. 
The f i r s t  concept w a s  t he  hooked a c o u s t i c  emission (AE) coupler  waveguide 
which contacted the  su r face  of t he  s i d e  of t h e  ou te r  race  of bear ing num- 
b e r  4 and coupled t h e  sound from t h a t  po in t  d i r e c t l y  t o  a sensor  mounted 
on the  oppos i te  end of t h e  waveguide ou t s ide  t h e  BMT housing. The second 
concept was t o  examine the  p o s s i b i l i t y  of us ing  the  BMT housing i t s e l f  as 
t h e  a c o u s t i c  coupler.  The drawings i n d i c a t e  t h a t  t h e  o u t e r  race of t he  
bear ings is  i n  in t ima te  mechanical con tac t  with t h e  BMT housing through 
t h e  compressed sp r ing  washers which are used t o  s e t  up the  preload on the  
s i d e  of t h e  bearing. The t h i r d  concept w a s  t h a t  of a s t r a i g h t  waveguide 
passing through a counter  po r t  o r  a thermocouple po r t ,  bu t  t h i s  was 
r e j e c t e d  because t h e r e  w a s  not  enough room f o r  another  po r t  t o  be added. 
Accordingly,  SwRI proceeded with development of t h e  hooked AE coupler  
design and eva lua t ion  of t h e  BMT housing-mounted sensor .  

2.1.1 Hooked AE CouDler Waveguide 

The hooked AE coupler  waveguide design i s  i l l u s t r a t e d  i n  
F igure  3.  The f i g u r e  shows how the  a c o u s t i c  waveguide i s  dimensioned and 
shaped so t h a t  it w i l l  pass  through t h e  Entry po r t  i n  t h e  BMT o u t e r  hous- 
ing ,  down through a narrow channel provided by NASA engineer ing ,  and then  
with a sharp  bend i n  t h e  t i p  of t h e  waveguide, come i n t o  con tac t  wi th  t h e  
s i d e  of t he  o u t e r  r ace  of bear ing number 4. The coupler  design i t s e l f  
r equ i r ed  t h a t  t h e  hardness  of t h e  a c o u s t i c  waveguide be tempered t o  pro- 
v ide  s u f f i c i e n t  sp r ing  p res su re  a g a i n s t  t h e  s i d e  of t he  bear ing o u t e r  
race.  This  pressure  should be i n  t h e  neighborhood of 2 t o  5 pounds load  
wi th  a small c c n t a c t  po in t  i n  order  t o  ge t  t h e  contac t  p re s su re  up t o  
5000 p s i .  When contac t  p re s su re  i s  5000 p s i  o r  g r e a t e r ,  then  adequate 
a c o u s t i c  coupling exists between the  two components. 

The upper s e c t i o n  of the  hooked AE coupler  w a s  designed t o  
f i t  the  s tandard  compression f i t t i n g .  This  design w a s  based on t h e  s tan-  
dard design f o r  t h e  feedthrough and seal used i n  the  BMT t o  wi ths tand  the 
pressure ,  t h e  low temperature,  and the  p o s s i b i l i t y  of i g n i t i o n  due t o  the  
l i q u i d  oxygen environment. The a c o u s t i c  waveguide diameter i s  reduced i n  
t h e  s e c t i o n  t h a t  f i t s  i n s i d e  the  BMT because the  channel through which the  
a c o u s t i c  waveguide must pass  i s  narrow and i t  w a s  necessary t o  provide 
adequate c learance  so t h e r e  is  no p o s s i b i l i t y  of the  waveguide coming i n  
contac t  with t h e  s i d e s  of t h e  channel.  The waveguide then  w a s  hardened t o  
provide s u f f i c i e n t  pressure  a t  the  contac t  point .  The contac t  pressure  of 
t he  a c o u s t i c  waveguide had t o  be c a r e f u l l y  ad jus t ed  t o  avoid excess ive  
preload.  The t i p  of the  a c o u s t i c  waveguide w a s  curved t o  provide a uni- 
form con tac t  s u r f a r a  between the  t i p  of t h e  Waveguide and t h e  s i d e  of t h e  
number 4 bear ing race.  
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2.1.2 Housing-Mounted Sensor 

The design concept of mounting the acoustic sensor on the 
outside of the BMT housing was deferred until the opportunity was pre- 
sented for experimental measurements of the noise sources and attenuation 
through the material of the BMT housing. Evaluation of this method could 
not be carried further by simulation or mock-up because the individual 
contact areas and contact pressures between the components are critical, 
and the local noise sources are also iamportant. The problem with mounting 
the acoustic sensor on the outside of the housing is that the sensor is 
exposed to all of the attendant noise sources including the noise from 
other bearings in the housing, noises of solenoids and valve actuation, 
and turbulence and cavitation noises of the flowing liquid in the housing. 
It is entirely possible that these extraneous noise sources would be much 
stronger than the low-level noise which is anticipated from the bearing 
when damage to the bearing first occurs. 

2.2 Onsite Evaluation of the BMT 

In order to have a clear understanding of the mechanism and the 
problems involved with installation of the AE coupler in the BMT housing, 
components of the BMT were examined during a visit to the George 
C. Marshall Space Flight Center. The problems of access t o  the bearing 
races for the acoustic coupler were discussed with the test engineers and 
with the project monitor. It was determined that adequate space was 
available for the hooked waveguide to reach the outer race of bearing 
number 4 .  
through a ball pass counter port or a thermocouple port was discussed, but 
it was decided that the hooked waveguide should be implemented. The 
straight acoustic waveguide approach was rejected because there was not 
sufficient room radially around the bearing to add another port similar to 
those used by the ball pass counter and the thermocouple probes. The 
information for design of the feedthrough and the seal was obtained frou 
the instrumentation engineer on this visit. 

SwRI also learned on this visit that NASA engineering anticipated 

The possibility of alternative access for a straight waveguide 

that high-level turbulence and cavitation may be a problem in the BElT, and 
that it was very important to the test engineering to know if and when and 
under what conditions cavitation would occur. Based on these discussions, 
NASA and SwRI decided to conduct experimental acoustic measurements on the 
BMT when it was in operation in order to determine the actual noise levels 
experienced during the various operating conditions. It was decided then 
to complete the design of the hooked waveguide concept for the acoustic 
coupler and to build an experimental nodel of this concept for empirical 
evaluation on the BMT. 

2 - 3  Design of Hooked AE Coupler Waveguide 

The acoustic waveguide was designed with an enlarged body so that 
the coupler could be extended into the cavity of the BMT housing, provid- 
ing support for the contact pressure between the tip of the acoustic 
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waveguide and the  s i d e  of t he  bear ing race. The enlarged body of the  
a c o u s t i c  coupler  f i t s  t he  s t anda rd  1/4-inch diameter feedthrough seal 
assembly used on the  BMT. The a c o u s t i c  coupler  t o t a l  l eng th  i s  
7.25  inches ,  and t h e  f i n a l  2 inches i s  reduced t o  a diameter of 1 / 8  inch  
and bent t o  f i t  through the  angled channel and around the  corner  of t he  
bear ing carrier so t h a t  only t h e  t i p  of t h e  waveguide comes i n  con tac t  
with the  s i d e  of t he  bear ing number 4 o u t e r  race.  The a c o u s t i c  coupler ,  
a f t e r  being bent t o  shape, i s  then hea t - t rea ted  t o  provide t h e  proper 
s t i f f n e s s  t o  apply pressure  of a minimum of 5000 p s i  a t  t h e  contac t  po in t .  
The t i p  of t h e  a c o u s t i c  waveguide is curved t o  a 1/16 inch  r a d i u s  so t h a t  
t h e  contac t  po in t  w i l l  be uniform rega rd le s s  of t h e  angle  of con tac t  with 
the  s i d e  of t h e  bear ing race. 

The top end of t h e  a c o u s t i c  coupler  i s  tapered  t o  a 1/8-inch 
diameter t o  match t h e  dimension of t h e  p i e z o e l e c t r i c  element which forms 
t h e  a c o u s t i c  sensor  a t  the  end of t he  waveguide. The upper p o r t i o n  of t he  
coupler  i s  a l s o  threaded so t h a t  t h e  assembly of t h e  sensor  housing can be 
made t o  the  end of t he  waveguide. Details of t he  a c o u s t i c  emission sensor  
assembly mounted on t h e  end of t h e  waveguide are i l l u s t r a t e d  i n  F igure  4.  

I 

F igure 4 .  A Cross-Sectional View of the Acoustic Emission 
Sensor on the  Hooked Acoust ic  Coupler. The s tandard  
coax ia l  cab le  connector provides  both mechanical contac t  
and e lectr ical  con tac t  f o r  t h e  p i e z o e l e c t r i c  element which 
rests a top  the  tapered  end of t he  threaded po r t ion  of t h e  
a c o u s t i c  coupler .  
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A standard BNC connector provides electrical connections to the acoustic 
sensor. The sensor is mechanically coupled to the waveguide tip by a 
spring-loading mechanism with spring pressure applied through the contact 
point of the BNC connector. Acoustic coupling between the sensor element 
and the waveguide tip is provided by low-temperature silicon grease. 

The sensor design is capable of operating over a wide temperature 
range. Since the BMT housing itself will be at or near liquid oxygen 
temperature, it is assumed that the acoustic waveguide will be at a very 
low temperature as well. 

Design sketches for the hooked AE coupler waveguide are included in 
Appendix A. 

2.4 Evaluation of Hooked AE Coupler Waveguide 

The sensitivity and frequency response of the hooked waveguide acous- 
tic coupler design were evaluated by comparison with a commercially avail- 
able broadband acoustic emission sensor. The acoustic source used for 
this evaluation was a 0.5-mm pencil lead break on a 10-inch thick steel 
block. The instrumentation system used for the evaluation and analysis of 
the acoustic waveguide is shown in Figure 5 .  Both the acoustic coupler 
and the commercial acoustic emission broadband sensor were placed in con- 
tact with the steel block. The commercial sensor used standard acoustic 
emission couplant, which is a viscous fluid, while the acoustic waveguide 
coupler used only the contact pressure. Contact pressure on the acoustic 
coupler was adjusted to 2 to 5 pounds to represent that which would be 
required on the BMT. Signals from the acoustic coupler and the broadband 

0.5 mm 

I I TRANSIENT RECORDER 

n PREAMP 

PENTEL \ c/AE COUPLER 
STEEL HP-85 COMPUTER 
BLOCK 

Figure 5. Block Diagram of the Acoustic Coupler Analysis 
Setup. The 0.5-mm Pentel pencil lead breaking on the 
surface of the steel block provides an impulsive acoustic 
source for analysis of the coupler sensitivity and 
frequency response. 
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1 'I sensor were passed through a preamplifier and then into the transient 
recorder where the waveform from each was digitally recorded. Digitized 
waveforms were then subjected to Fourier analysis to determine the fre- 
quency spectrum. 

i 'a 
II 
II 

Figure 6 is an illustration of the recorded waveform from the AE 
coupler. The initial impulse of the breaking pencil lead is illustrated 
by the first very sharp transition of the signal amplitude. In this case, 
it reaches a maximum amplitude in the negative direction. Vertical dis- 
placements of the surface of the seal block are coupled through the acous- 
tic waveguide AE coupler to the sensor. The coupler design and the small 
sensor dimensions (1/8 inch diameter by 0.076 inch thick) reduce the sen- 
sitivity at frequencies below 100 kHz, but provide a broadband frequency 
response from 100 kHz up to about 800 kHz. This frequency response is 
illustrated in Figure 7. 
frequency response of a commercially available AE sensor were also taken. 
The analog waveform for this commercial sensor is shown in Figure 8 .  The 
duration of the initial impulse in this figure indicates that the band- 
width of the commercially available sensor is narrower than that of the AE 
coupler designed for the BMT. This is supported by the frequency response 
shown in Figure 9. In this frequency response, there is a strong peak in 
the neighborhood of 200 lcHz, with the primary high sensitivity regions 
between 100 and 300 kHz. 

For comparison purposes, the analog waveform and 

In comparing Figure 6 and Figure 8, the amplitude sensitivity of the 
AE coupler is approximately one order of magnitude or 10 times greater 
than that of the commercially available broadband sensor. A laboratory 
analysis of the sensitivity and the frequency response of the AE coupler 
showed that it has the proper frequency range, that is, from 100 kHz to 
800 kHz, and it has adequate sensitivity to detect the noise in the bear- 
ings in the BMT. The working model of this design concept was taken to 
the NASA facility at the George C. Narshall Space Flight Center and fitted 
to the BMT in preparation for testing during operation of the BMT. As a 
part of this preparation, the design was also submitted to the test engi- 
neering section at the NASA facility for evaluation of the impact of the 
AE coupler on the operation of the BMT and assessment of the adequacy of 
the acoustic coupler design to withstand the turbulence and flow condi- 
tions in the cavity of the BMT. NASA test engineering concluded that the 
acoustic waveguide, being in the high flow and high turbulence region in 
the BMT cavity, would be subjected to severe vibrations which could pos- 
sibly cause the tip of the waveguide to break off. Testing of the AE 
coupler on the BNT was not permitted because of the possibility of damage 
to the BMT. 

2 . 5  Alternative Design ConceDt 

Since the hooked AE coupler could not be tolerated extending into 
the liquid oxygen flow, SwRI was asked to proceed with the alternative 
design concept of a straight acoustic coupler which would be inserted into 
an existing ball pass counter port or a thermocouple port. 
AE coupler design is shown in Figure 10. 

The resulting 
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Figure 6 .  Time Domain Presentation of the Lead Break Signal 
from the SwRI Acoustic Coupler Output. The initial high- 
amplitude, negative-going portion of this waveform represents 
the impulsive surface displacement caused by the pencil lead 
break. The time duration represented by this waveform is 
256 microseconds, and the vertical scale is in percentage of 
the maximum amplitude. 

FUEL INTERVAL = W.25 
MAX VALUE 5# 

Figure 7. 
The magnitude of the frequency response over a range of 0 to 
1 MHz is shown in this logarithmic presentation. 

Frequency Response of the SwRI Acoustic Coupler. 
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Figure 8. 
Break S igna l  from a Commercially Avai lab le  
Broadband Acoust ic  Sensor. The t i m e  base  
displayed i s  256 microseconds, and t h e  ampli- 
tude v e r t i c a l  scale i s  i n  percentage of t h e  
maximum value.  

Time Domain P resen ta t ion  of a Lead 
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Figure  9 .  
Avai lab le  Acoust ic  Emission Sensor. The f r e -  
quency range d isp layed  i s  0 t o  1 MHz, and the  
v e r t i c a l  scale i s  logar i thmic  magnitude rela- 
t i v e  t o  t h e  maximum value.  

Frequency Response of a Commercially 
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Figure 10. 
This assembly is designed for insertion in the ball pass 
counter port or the thermocouple port. 

The Straight-Through Acoustic Coupler Assembly. 
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The s t r a i g h t  AE coupler  design i s  more complicated than t h e  hooked 

waveguide coupler  design because the  feedthrough and seal assembly must 
make provis ions  f o r  applying a cons tan t  load onto the  a c o u s t i c  coupler  rod 
and maintaining cons tan t  a c o u s t i c  con tac t  between the  p i e z o e l e c t r i c  
element and the  top of t he  a c o u s t i c  coupler  rod. This  is  accomplished by 
p lac ing  both t h e  sensor  and t h e  a c o u s t i c  coupler  rod i n s i d e  t h e  p re s su re  
boundary of the  BMT housing. The electrical  connection t o  t h e  coax ia l  
cab le  connector a t  t h e  top  of t h e  assembly i s  made through a s o l i d  rod  
which passes  through the  packing gland. This  provides  adjustment of t he  
mechanical f o r c e  which i s  app l i ed  through a compression s p r i n g  t o  t h e  
p i e z o e l e c t r i c  sensing element and the  a n v i l  between t h e  sens ing  element 
and the  coupler  rod, and t o  hold t h e  rod i n  con tac t  wi th  t h e  bear ing sur- 
face .  This design w i l l  maintain a cons tan t  contac t  pressure  between the  
rod and the  bear ing s u r f a c e  over  a wide range of temperatures.  

I n  the  feedthrough housing, t h e  a n v i l  guide,  a Teflon tube,  provides  
electrical  i n s u l a t i o n  and a c o u s t i c  i s o l a t i o n  f o r  t h e  p i e z o e l e c t r i c  s ens ing  
element. Fu r the r  a c o u s t i c  i s o l a t i o n  is provided by t h e  rod guide,  which 
prevents  d i r e c t  con tac t  between t h e  coupler  rod and t h e  narrow channel  
between t h e  feedthrough and the  bear ing  sur face .  Tine o v e r a l l  coupler  
design is made so t h a t  i t  can be used i n  e i t h e r  t h e  b a l l  pass  counter  
probe p o r t s  o r  t h e  thermocouple probe po r t s .  Since t h i s  design uses  t h e  
same a c o u s t i c  emission sensor  as used i n  t h e  hooked coupler  design,  i t  may 
be assumed t h a t  t h e  s e n s i t i v i t y  and frequency response c h a r a c t e r i s t i c s  of 
t h i s  new design w i l l  be similar t o  those  measured on t h e  hooked design.  

Design ske tches  f o r  t h e  s t ra ight - through AE coupler  waveguide are 
included i n  Appendix B. 
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Evaluation of three different design concepts for the acoustic coupler to 
be used on the bearing materials test facility led to the selection of a 
straight-through acoustic coupler which could be used in existing thermo- 
couple or ball pass counter ports. The concept of using an acoustic sen- 
sor on the outside of the BMT housing to detect the sound transmitted from 
the bearing through the housing to the sensor was rejected because our 
analysis of this configuration indicated a strong likelihood that noises 
from extraneous sources such as turbulence, cavitation, and mechanical 
noises would prevent the detection of low-level noises due to damage of 
the bearing components. It was concluded that the hooked waveguide con- 
cept was not satisfactory on the basis of analysis by NASA test engineer- 
ing which indicated that the acoustic coupler rod would vibrate and 
possibly bend or break in the high-level turbulence of the liquid oxygen 
in the BMT cavity. This engineering analysis concluded that the coupler 
should not be exposed directly to the flow of the liquid oxygen coolant. 
Therefore, the straight-through acoustic coupler designed to use existing 
thermocouple or ball pass counter ports was selected because this design 
can be applied to all four bearings in the 57- bearing materials tester 
and, in addition, the coupler will be protected from the coolant flow 
turbulence by the closed channel of the access port through the BMT 
housing to the outer surface of the bearing race. 
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4 .  RXCOMMENDATIONS 
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It is recommended that Phase I1 of the program be implemented to evaluate 
the straight-through acoustic coupler which is designed to fit into the 
ball pass counter or thermocoupls ports in the BMT. A minimum of two 
pro'totype AE couplers of this design should be fabricated for test and 
evaluation. Laboratory measurements should be made to verify the sensi- 
tivity and frequency response of the straight-through AE coupler design, 
but it is most important to evaluate this coupler design on the operating 
BMT facility. 

SCOPE 

It is of utmost importance to determine experimentally the noise levels 
involved in three particular conditions. The first is normal bearing 
operation under normal loads. The second is normal bearing operation 
under conditions of high turbulent flow of the liquid oxygen coolant. 
The third is normal bearing operation under conditions which cause 
cavitation of the coolant in the bearing housing. 

W -  

Analysis of cavitation of the coolant is important for two reasons. 
First, the noise due to cavitation bubble formation and collapse produces 
a very broad-spectrum, high-amplitude noise which could mask or be con- 
fused with the noise of damage to the bearing. 
actually cause erosion and damage of the material if it occurs near the 
surface of the bearing race or the bearing balls. 

Second, cavitation can 

The instrumentation setup recommended for use in the Phase I1 analysis of 
the acoustic coupler is shown in Figure 11. 
trates the principal components of the acoustic coupler attached to the 
bearing tester and connected directly to the preamplifier which is located 

This block diagram illus- 

d PREAAYP 
AE COUPLER 

BEARING TESTER 

Figure 11. Block Diagram of the Acoustic Coupler Test 
Setup. This test setup is recommended for evaluation 
of the acoustic coupler on the bearing materials test 
facility to determine the character of noise under both 
normal and adverse operating conditions. 
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at the site of the bearing tester and within a few feet of the acoustic 
coupler. The preamplifier should have an amplification of approximately 
20 dB and should be capable of driving the long cable from the bearing 
tester location to the data analysis facility, which is more than 
1000 feet away. At the analysis facility, the output from the pre- 
amplifier can be divided between oscilloscope, spectrum analyzer, RMS 
voltage meter, and strip chart recorder. These instruments provide a 
real-time response for direct analysis, and their outputs may also be 
recorded for subsequent, more detailed analysis. The spectrum analyzer 
shown in Figure 11 may be replaced by a transient recorder which can be 
used to record specific waveforms, for example, the burst from cavitation 
or from acoustic emission signals produced by damage in a bearing com- 
ponent. The waveforms recorded on the transient recorder can then be used 
to obtain the spectrum analysis of the signals off-line by means of 
Fourier analysis. 

Standard acoustic emission type instrumentation is not recommended for - 
application on the BMT for this phase of the program because it is most 
important at this stage to analyze the character of the background noise 
associated with the BMT; that is, the noise of the flow conditions, the 
possibility of cavitation, and other extraneous noise sources. Thus, it 
is necessary at this stage to employ standard laboratory analysis type 
instrumentation. Once the character of the noise is known, then a par- 
ticular acoustic emission instrument type or other electronic instrumen- 
tation can be specified to provide an early warning of incipient bearing 
failure in the BMT.. 

The recommended objective for Phase 11 is as follows: Fabricate two 
working models of the selected acoustic coupler design concept. Using 
this coupler design, record and evaluate the noise from the 57-m bearing 
materials test facility during both simulated and actual bearing test 
operations. These bearing tests, performed for the purpose of evaluating 
the acoustic coupler, should be conducted using liquid nitrogen as the 
lubricant and coolant in order that actual damaged bearings can be 
operated safely in the tester. 
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DEVELOPMENT OF AN ACOUSTIC MONITOR TO DETECT 
INCIPIENT BEARING FAILURE 

W i l l i a m  D. J o l l y  
I n s t i t u t e  S c i e n t i s t  
W. R. Van d e r  Veer 

S t a f f  Engineer  
Southwest Research I n s t i t u t e  

John M. Knadler  
Chief 

NDE Branch . Marsha l l  Space F l i g h t  Center  

ABSTRACT 

Bear ings  in l i qu id -oxygen  turbopumps are coo led  and l u b r i -  . c a t e d  by t h e  l i q u i d  oxygen. It is i m p e r a t i v e  t h a t  damaged 
b e a r i n g s ,  which g e n e r a t e  h e a t ,  n o t  r e a c h  k i n d l i n g  tempera- 
t u r e  because of t h e  v o l a t i l i t y  of t h e  oxygen. Acous t i c  
moni tor ing  of b e a r i n g s ,  a method wide ly  used  t o  d e t e c t  bear- 
i n g  f a i l u r e  under  less e x o t i c  o p e r a t i n g  c o n d i t i o n s ,  w a s  
cons ide red  f o r  turbopump b e a r i n g  monitor ing.  R e s u l t s  of 
r e c e n t  tests of a p ro to type  a c o u s t i c  emission (AE) c o u p l e r  
on t h e  Marsha l l  Space F l i g h t  C e n t e r ' s  Bearing Materials 
Test (BMT) F a c i l i t y  i n d i c a t e  t h a t  a c o u s t i c  moni tor ing  can 
be performed i n  t h e  h i g h a o i s e ,  c ryogen ic  environment of 
t h e  BMT. This paper  reviews t h e  development of two proto-  
t ype  AE coup le r  mechanisms and p r e s e n t s  test r e s u l t s  on 
t h e  s e l e c t e d  des ign .  
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Acoust ic  s u r v e i l l a n c e  of r o t a t i n g  element bear ings goes back t o  t h e  
:ime when man f i r s t  l earned  t h a t  i f  he stopped and greased :he squeak- 
ing wheel on h i s  wagon, t h e  axle and t h e  hub would not ca tch  f i r e .  The 
problems now being experienced wi th  rocket-engine turbopump bearings 
have taken us  f u l l  circle. Now i t  is t h e  l i q u i d  oxygen t h a t  i g n i t e s  
t h e  e x o t i c  steels i n  t h e  turbopump bear ings  wnen a bear ing begins t o  
f a i l .  There is  l i t t l e  resemblance between the  e x o t i c  device i l l u s -  
t r a t e d  i n  F igure  1 and t h e  hub of a wheel on a prairie schooner, but 
the  problem is t h e  same. 
ence of fuel and oxygen causes f i r e .  

F r i c t i o n  produces hea t ,  and hea t  i n  the  p r e s -  

In response t o  t h e  problem, t h e  Na t iona l  Aeronaut ics  and Space Adminis- 
t r a t i o n  (NASA) i n s t i g a t e d  a p r o j e c t  aimed a t  development of an a c o u s t i c  
method of d e t e c t i n g  i n c i p i e n t  f a i l u r e  i n  t h e  bear ings  of t h e  NASA bear- 
ing  materials tester (BMT). The goa l  w a s  t o  o b t a i n  s u f f i c i e n t  warning 
t o  prevent  overhea t ing  t o  the  po in t  of i g n i t i o n  of t he  steel  i n  t h e  
bear ings  by combination wi th  the  l i q u i d  oxygen. The NASA f a c i l i t y  

F igu re  1. Bearing Xatetials Tester :4ounted on a Test 
Stand f o r  a Bearing Test - 
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t e s t e r  tests new materials and new bearing designs f o r  t he  bearings of 
turbopumps used t o  supply l i q u i d  oxygen and f u e l  t o  rocket  engines. 
Success i n  t h i s  p r o j e c t  w i l l  l e ad  t o  development of a bearing monitor 
f o r  rocket-engine turbopumps. 

The turbopumps and t h e  BMT use l i q u i d  oxygen as both a l u b r i c a n t  and a 
coolant  f o r  t he  bearings.  
t i o n ,  t h e  l i q u i d  oxygen is pumped through the  bear ing assemblies a t  a 
pressure  of up t o  500 ps i .  
condi t ions  f o r  t h e  bear ings as w e l l  as f o r  a c o u s t i c  s u r v e i l l a n c e  of 
t h e  bearings.  

In orde r  t o  provide cool ing and lubr ica-  

This environment provides severe opera t ing  

Design concepts were evaluated f o r  mechanisms capable of coupling t h e  
a c o u s t i c  no i se  from t h e  bear ings i n  the  BMT t o  an e x t e r n a l l y  mounted 
a c o u s t i c  sensor.  F igure  2 ,  a cross-sec t iona l  view of the  BMT, shows 
t h e  l o c a t i o n  of t h e  s h a f t  and t h e  bear ings and i l l u s t r a t e s  t h e  problem 
of access t o  t h e  bearing race through the  housing and the  bearing 
carrier. 

The design concept f i r s t  developed w a s  an a c o u s t i c  coupler  f o r  t he  
57-mm bearing test f a c i l i t y  us ing  an access p o r t  l oca t ed  ad jacen t  t o  
t h e  No. 4 bearing. 
of t h e  No. 4 bearing w a s  narrow and angled from t h e  access p o r t  i n t o  
t h e  bearing. 

The channel from t h e  access p o r t  t o  t h e  ou te r  race 

Th i s  requi red  t h e  design of an a c o u s t i c  waveguide wi th  a 

SHAFl - 
BEARING 

. I 

Figure  2. A Cross-Sectional View of the  Bearing 
Xaterials Tester Showing the  S h a f t  and the  Loca- 
t i o n  of the Four Bearings-and Thei r  Carriers 
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bend and then a sharp hook a t  t h e  end of i r ,  as i l l u s t r a t e d  i n  Figure 3. 
One inhe ren t  problem with t h i s  design w a s  t h a t  no i se  from sources  such 
as t u rbu len t  flow of t he  l i q u i d  oxygen and poss ib l e  c a v i t a t i o n  of the  
l i q u i d  oxygen could mask the  low-level s i g n a l s  from a damaged bearing. 
A secondary problem w a s  with t h e  designated access por t .  The a c o u s t i c  
waveguide had t o  pass  through t h e  stream of oxygen flow, unshielded, on 
i t s  way from the  o u t e r  housing of t he  BMT t o  con tac t  t h e  race of t he  
No. 4 bearing. 
p a r t i c u l a r ,  t he  turbulence i n  t h e  area could l ead  t o  v i b r a t i o n s  and p e r  
haps even l i f t o f f  of t he  con tac t  po in t  of t he  a c o u s t i c  coupler.  
of t hese  effects would i n t e r f e r e  with t h e  d e t e c t i o n  of no i se  from the  
bearing. The hooked waveguide design concept w a s ,  t he re fo re ,  r e j e c t e d  
i n  favor  of a s t ra ight- through design t h a t  contacted t h e  ou te r  bearing 
race through a thermocouple p o r t  o r  a ball-pass counter  po r t .  

This  exposure t o  t h e  flow of t he  l i q u i d  oxygen and, i n  

E i t h e r  

n 
GLAND ASSEMBLY 

- BEARING 
CARRIER 

'i SPACER . 
Figure 3 .  Prototype 1, t h e  hooked a c o u s t i c  coupler. 
The coupler  i s  shown i n s t z l l e d  i n  the  bearing materials 
tester. The small end of t he  coupler i s  i n  con tac t  with 
the  o u t e r  race of t h e  No. 4. bearing. 
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This paper b r i e f l y  reviews the  techniques of acous t i c  bearing m o n i t o r  
ing ,  d i scusses  the  acous t i c  coupler  design s e l e c t i o n ,  and presents  
experimental  r e s u l t s  obtained w i t h  t he  se l ec t ed  s t ra ight- through cou- 
p l e r  design from bearing t e s t  runs on t h e  BXT. 

2 .  TECHNI cxz, DISCUSS I O N  

Acoust ic  s u r v e i l l a n c e  of r o t a t i n g  equipment bear ings is in genera l  use 
today. >lotors and pumps f o r  c r i t i ca l  app l i ca t ions  are commonly sup- 
p l i ed  wi th  acous t i c  bear ing monitors in place. Applicat ion or' acous t i c  
s u r v e i l l a n c e  t o  turbopump bearings and t o  t he  BlT f a c i l i t y  t o  d e t e c t  
i n c i p i e n t  f a i l u r e  in t h e  bear ings is unique only in t h a t  t he  l i q u i d  oxy- 
gen and i t s  high flow r a t e s  provide a severe environment i n  which t o  
d e t e c t  a c o u s t i c  noise  due t o  bearing damage. 

The de tec t ion  of bear ing noise  due t o  damage or  overheat ing of t he  bear- 
ings i n  t he  BHT would be s t r a i g h t f o w a r d  except for the  f a c t  t h a t  t he  
l i q u i d  oxygen flowing through the  bear ing assemblies generates  noise  
due t o  turbulence and cav i t a t ion .  Turbulence noise  is usua l ly  i n  a f re -  
quency range below 100 kHz while  c a v i t a t i o n  noise  may extend t o  frequen- 
cies as high as 1 XHz. Another source of no ise  is mechanical no ise  i n  
t h e  system; t h a t  is, noises  from o the r  bear ings,  va lves ,  a c t u a t o r s ,  and 
solenoids .  These mechanical no ises  a l s o  are i n  the  frequency range 
below 100 Wz. 

Based on our experience,  t he  p r o j e c t  team s e l e c t e d  a frequency range 
f o r  a c o u s t i c  monitoring of 200 kHz t o  1 MHz on the  assumption t h a t  most 
6f t h e  necessary information would be i n  t h a t  frequency range. 
s o l u t i o n  t o  t h e  bas i c  problem of tu rbu len t  flow noise  l i e s  in the  selec- 
t i o n  of a frequency band where t h e  turbulence noise  is minimized and 
the  bear ing damage no i se  i s  maximized. Usually the  des i r ed  frequency 
band l i e s  above 100 kHz and below 1 MBz because turbulen t  flow noise ,  
being r e l a t e d  t o  t h e  flow v e l o c i t y  and the  phys ica l  dimensions of t he  
mechanical components, r e s i d e s  i n  t h e  lower f requencies  below LOO Wz. 

Cavi ta t ion ,  on t h e  o t h e r  hand, involves  t h e  formation and v i o l e n t  col- 
l apse  of t i n y  vapor bubbles, which genera te  acous t i c  t r a n s i e n t s  having 
a broad frequency s p e c t r a  extending t o  more than 1 mz. Cavi t a t ion  i n  
t h e  BMT could be of s u f f i c i e n t  i n t e n s i t y  t o  mask t he  changes i n  bear ing 
noise  being sought.  The bear ing noise  s igna tu re  w i l l  change because o f  
a damaged bearing b a l l  o r  overheat ing of t he  bearing due t o  general  sur- 
f ace  damage. I n i t i a l l y ,  t he  change in bearing noise  w i l l  be on t h e  
order  of a few percent;  but as t h e  damage t o  t h e  bearing accumulates, 
t he  no i se  w i l l  i nc rease  to  a few hundred percent  of the  noise  of a nor- 
mal bearing. Cav i t a t ion  noise ,  however, may be on t h e  order  of 500 t o  
1000 percent  of the  normal bearing noise .  

The 

It is f o r t u n a t e  t h a t  an acous t i c  bear ing inonitor can d e t e c t  and i d e r  
t i f y  c a v i t a t i o n  because c a v i t a t i o n  can cause e ros ion  and p i t t i n g  i n  
both t h e  bearing race and t h e  bear$ng b a l l s .  

i 
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I n i t i a l  Design ConceDts 

Three p o s s i b i l i t i e s  were considered f o r  coupling t h e  a c o u s t i c  noise  from 
the bear ing t o  the  environment ou t s ide  the BMT housing. The f i r s t  con- 
cept  w a s  to use  the  BNT housing itself as t h e  a c o u s t i c  coupler ,  s ince  
the o u t e r  race of t he  bearings was i n  in t ima te  mechanical contact  wi th  
t h e  BMT housing. The second concept was the  hooked acous t i c  emission 
(XE) coupler  waveguide, which contacted t h e  su r face  of t he  s i d e  of the  
o u t e r  race of bearing No. 4. It then would couple t h e  sound from t h a t  
point  d i r e c t l y  t o  a sensor  mounted on the  oppos i te  end of t he  waveguide 
o u t s i d e  t h e  BMT housing. The t h i r d  concept w a s  t h a t  of a s t r a i g h t  wave- 
guide pass ing  through a bal l -pass  counter  p o r t  or a thermocouple po r t .  

Housing-Mounted Sensor.  The design concept of mounting t h e  a c o u s t i c  
sensor  on t h e  o u t s i d e  of t h e  BMT housing was r e j e c t e d  because the  indi-  
v idua l  bear ings could not be i d e n t i f i e d  and because t h e  sensor  would be 
exposed t o  a l l  of t h e  a t t e n d a n t  no i se  sources  inc luding  t h e  no i se  from 
o t h e r  bear ings i n  t h e  housing, no i se s  of solenoids  and valve a c t u a t i o n ,  
and turbulence  and c a v i t a t i o n  no i ses  of t he  flowing l i q u i d  i n  the  
hous ing  

Hooked AE Couoler Waveguide. The hooked AE coupler  waveguide design is 
i l l u s t r a t e d  in Figure  3. The enlarged body of t he  a c o u s t i c  coupler f i t  
t h e  s tandard  1/4-inch diameter feedthrough seal assembly used on t h e  
BMT. The c o u p l e r ' s  t o t a l  l e n g t h  w a s  7.25 inches,  wi th  t h e  f i n a l  
2 i nches  reduced ' to  a diameter of 1/8 inch and bent t o  f i t  through t h e  
angled channel and around t h e  corner  of t h e  bear ing carrier. Then only 
tbe t i p  of t h e  waveguide came i n  con tac t  with t h e  s i d e  of t h e  bear ing 
No. 4 o u t e r  race. 

After being bent t o  shape, t h e  coupler w a s  heat- t reated f o r  proper 
s t i f f n e s s  t o  apply pressure  of a minimum of  5000 p s i  a t  t h e  con tac t  
point.  
radius  f o r  uniform con tac t  with the  s i d e  of t h e  bear ing race. Details 
of t he  a c o u s t i c  emission sensor  assembly mounted on t h e  end of the  wave- 
guide are i l lustrated i n  F igure  4. The sensor  w a s  a c o u s t i c a l l y  coupled 
by low-temperature silicon grease  and mechanically coupled t o  t h e  wave- 
guide t i p  by a spr ing-loading mechanism through t h e  c o n t a c t  po in t  of 
t h e  BNC connector. 

The t i p  of t h e  a c o u s t i c  waveguide was machined t o  a l / lg- inch 

The working model of t h i s  design concept w a s  f i t t e d  t o  t h e  BMT, and the  
design was submitted t o  t h e  test engineer ing s e c t i o n  a t  t h e  NUB f a c i l -  
i t y  f o r  (1) e v a l u a t i o n  of t h e  impact of t h e  AE coupler  on t h e  opera t ion  
of the  BMT and ( 2 )  assessment of t h e  adequacy of t h e  a c o u s t i c  coupler  
design to  withstand t h e  turbulence and flow cond i t ions  i n  t h e  c a v i t y  or' 
t he  BMT. NASA test engineer ing concluded t h a t  the a c o u s t i c  waveguide, 
being i n  t h e  high flow and hi.gh turbulence region i n  the  BMT c a v i t y ,  
would be subjected t o  seve re  v i b r a t i o n s  which could poss ib ly  cause t h e  
t i p  of t h e  waveguide t o  break o f f .  Tes t ing  of the  hooked AE coupler  on 
the  BkIT was not  permit ted because of t he  p o s s i b i l i t y  of damage t o  t h e  
a m .  
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Figure 4 .  A cross-sec t iona l  view of t h e  a c o u s t i c  
emission sensor on t h e  hooked a c o u s t i c  coupler.  
The s tandard  c o a x i a l  cab le  connector provides both 
mechanical and electrical  con tac t  f o r  t he  piezo- 
e lectr ic  element placed on t op  of t h e  tapered end 
of t h e  threaded p o r t i o n  of t h e  a c o u s t i c  coupler.  

Straight-Through Acoust ic  Coupler 

S i n c e  t h e  hooked AE coupler  extending i n t o  t h e  l i q u i d  oxygen flow could 
not be t o l e r a t e d ,  t he  a l t e r n a t i v e  design concept, a s t ra ight- through 
a c o u s t i c  coupler  f o r  i n s e r t i o n  i n t o  an e x i s t i n g  ball-pass counter p o r t  
or a thermocouple po r t ,  was implemented. The r e s u l t i n g  AE coupler 
design is shown in Figure  5. . This  design w a s  not developed i n i t i a l l y  
because it  would d i s p l a c e  a thermocouple or ball-pass probe o r  r e q u i r e  
a d d i t i o n a l  p o r t s  i n  t h e  BMT. 

The s t r a i g h t  AE coupler  design is more complicated than t h e  hooked 
waveguide coupler  design because the  feedthrough and seal assembly must 
provide f o r  (1) applying a cons t an t  load onto t h e  a c o u s t i c  coupier  rod 
and (2)  a a i n t a i n i n g  cons tan t  a c o u s t i c  con tac t  between the  p i e z o e l e c t r i c  
element and t h e  top of t h e  a c o u s t i c  coupler rod. These are accomplished 
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Figure 5 .  The second prototype, a straight- 
through acoustic coupler assembly. This 
assembly is designed for insercion in the ball- 
pass counter port or the thermocouple port. 
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by placing both t h e  sensor  and t h e  a c o u s t i c  coupler rod i n s i d e  the I 

pressure boundary of the  Bb!T housing. The e lectr ical  connection t o  t h e  
c o a x i a l  cab le  connector a t  t he  top of t h e  assembly is made through a 
s o l i d  rod passing through the  packing gland. The assembly provides 
adjustment of t h e  mechanical f o r c e ,  which is app l i ed  by a compression 
s p r i n g  through the  p i e z o e l e c t r i c  sensing element t o  hold the rod i n  con- 
tact  with t h e  bearing surface.  The design provides f o r  a constant con- 
tact pressure  between t h e  rod and the  bearing s u r f a c e  over a wide range 
of temperatures. 

In t h e  feedthrough housing, t he  a n v i l  guide ( a  t e f l o n  tube) o f f e r s  elec- 
t r i ca l  i n s u l a t i o n  and a c o u s t i c  i s o l a t i o n  f o r  t h e  p i e z o e l e c t r i c  sensing 
element. F u r t h e r  a c o u s t i c  i s o l a t i o n  is  given by the  rod guide, which 
prevents  d i r e c t  con tac t  between the  coupler  rod and t h e  narrow channel 
between the feedthrough and t h e  bear ing surface.  The o v e r a l l  coupler 
design is made so t h a t  i t  can be used in e i t h e r  the  ball-pass counter 
probe p o r t s  o r  t h e  thermocouple probe po r t s .  
s enso r  t h a t  w a s  used i n  t h e  hooked coupler  design. 

It a l s o  uses t h e  same AE 

3. EVALUATION OF ACOUSTIC COUPLER 

Evalua t ion  of t h e  f i n a l  prototype a c o u s t i c  coupler  design was conducted 
on t h e  BMT during t h e  f i r s t  full-speed test of a new tes t  module b u i l t  
f o r  i n v e s t i g a t i o n  of bear ing f a i l u r e  mechanisms. As t h i s  BMT was 
designed f o r  opera t ion  wi th  U q u i d  n i t r o g e n  i n  p l ace  of l i q u i d  oxygen, 
it is p o s s i b l e  t o  s a f e l y  opera te  with damaged bearings.  

&is s e c t i o n  desc r ibes  t h e  test se tup ,  ins t rumenta t ion  f o r  eva lua t ion  
of t h e  a c o u s t i c  coupler ,  and a n a l y s i s  of the  r e s u l t s  from BNT t e s t  
No. 3. 

T e s t  Setup 

The s t ra ight- through a c o u s t i c  coupler design w a s  evaluated on the  BXT 
i n  September 1985. Tfie e v a l u a t i o n  was carried o u t  on t e s t  No. 3 of  rhe 
BMT, as shown set up i n  F igure  6. The a c o u s t i c  coupler i n s t a l l e d  i n  
p o r t  No. 2 9  is i n d i c a t e d  on t he  lower l e f t  corner  of t h e  photograph. 
P o r t  No. 29 i s  a thermocouple port on bear ing No. 3. The preampl i f ie r  
f o r  t h e  a c o u s t i c  coupler  was mounted nearby, but away from t h e  tester 
a s u f f i c i e n t  d i s t a n c e  t o  avoid t h e  cold and f r o s t i n g  condi t ions  t h a t  
occur during t h e  t e s t i n g .  The a c o u s t i c  signal output from the  pream- 
p l i f i e r  w a s  then connected i n t o  t h e  tes t - s tand  instrumentat ion cab l ing  
l ead ing  t o  the  d a t a  a c q u i s i t i o n  s t a t i o n  1200 f e e t  away. The preampli- 
f i e r  was b a t t e r y  powered i n  o rde r  t o  i s o l a t e  t h e  preampl i f ie r  c i r c u i t  
from the  p o s s i b i l i t y  of ground c u r r e n t s  i n  the  tes t -s tand power-suppiy 
system. The 12-volt  b a t t e r y  w a s  s u f f i c i e n t  t o  power t h e  preampl i f ie r  
continuously f o r  up t o  20 hours. The a c o u s t i c  coupler was i n s t a l l e d  
so t h a t  con tac t  p re s su re  of 2 t o  5 pounds was provided between the 
a c o u s t i c  coupler t i p  and the  o u t e r  race of t he  No. 3 bearing. 
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. -  Figure  6. Bearing Itaterials Tester Showing I n s t a l l e d  AE Coupler i n  
P o r t  No. 29 at  Bear ing  No. 3 

Ins t rumen ta t ion  

A block diagram of t h e  AE coup le r  i n s t rumen ta t ion  a t  t h e  d a t a  acquis i -  
tion s t a t i o n  is shown in Figure  7. The s i g n a l s  f r o m  the acoustic sen- 
s o r  were coupled t o  t h e  inpu t  of t h e  p reampl i f i e r ,  which provided 
22 dB of gain,  and inc luded  a bandpass f i l t e r  for a frequency range 
from 200 kHz t o  1 XHz. 
t h e  1200 f e e t  of c o a x i a l  cab le  between the  test s t and  and the  data 
a c q u i s i t i o n  s t a t i o n .  

The p r e a m p l i f i e r  had s u f f i c i e n t  power to  d r i v e  

13 t h e  d a t a  a c q u i s i t i o n  s t a t i o n ,  two a m p l i f i e r s ,  an HP-465A and an 
HP-461A, were connected to t h e  s i g n a l  cab le  from t h e  p reampl i f i e r .  The 
EP-461A preampl i f i e r  w a s  set t o  a g a i n  of 20 dB, and its output  w a s  con- 
nected t o  the MSFC d a t a  a c q u i s i t i o n  system. There t h e  s i g n a l s  from t h e  
a c o u s t i c  coupler  were d i g i t i z e d  and recorded i n  t h e  s tandard  YSFC d a t a  
format. The HP-465A a m p l i f i e r  was a l s o  set to 20 dB gain,  and its out- 
put w a s  connected t o  S w R I  ins t ruments  c o n s i s t i n g  of an XP-34OOC RMS 
vo l tme te r  and a Nicolet 204A d i g i t a l  o sc i l l o scope .  The RXS vol tmeter  
provided a cont inuous output l e v e l  . i nd ica t ion  of t h e  f u l l  bandwidth 
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from the  a c o u s t i c  coupler  through the  preampl i f ie r .  The Nicole t  digi-  
t a l  osc i l l o scope  was used t o  record waveforms on a floppy d isk  wave- 
forms at i n t e r v a l s  throughout t h e  test .  

During t h e  i n i t i a l  ins t rumenta t ion  se tup  and checkout, t he  f i n a l  ampli- 
f ie r  (HP-465, HP-461) ga in  a t  t h e  da ta  a c q u i s i t i o n  s t a t i o n  was i n i t i a l l y  
set t o  40 dB; however, it was found a f t e r  the test series w a s  i n i t i a t e d  
t h a t  t h e  optimum s e t t i n g  f o r  t he  ga in  of t hese  f i n a l  a m p l i f i e r s  was 
20 dB. I n  t h i s  conf igura t ion ,  as shown i n  Figure  7 ,  42 dB was gained 
o v e r a l l  between t h e  a c o u s t i c  sensor  i n  t h e  AE coupler  and the  instrumen- 
t a t i o n .  A t  t h e  t o t a l  ga in  of 42 dB, t h e  maxfmum amplitude of t h e  sig- 
nals recorded throughout t h e  test did not  exceed 2 v o l t s  peak t o  peak. 
This  ins t rumenta t ion  se tup  w a s  then  used t o  monitor t h e  response of t h e  
a c o u s t i c  coupler  during test No. 3 of t h e  BMT. 

The response of t h e  coupler  as ind ica t ed  by t h e  RMS vol tmeter  is 
recorded chronologica l ly  i n  Figure 8. This  test w a s  i n t e r e s t i n g  because 
it involved t h r e e  s t a r t u p s  and shutdowns. 
t he  BMT w a s  turned up t o  more than  18,000 rpm. 
test of t h e  BMT w a s  run a t  30,000 rpm f o r  more than  2 minutes. 

I n  t h e  i n i t i a l  two s t a r t u p s ,  
The f i n a l  s t a g e  of t h e  

Refer r ing  t o  F i g u r e  8, t h e  i n i t i a t i o n  of t he  test a t  11:OS on Septem- 
be r  1 9  shove t h e  response of t h e  a c o u s t i c  coupler  as t h e  chilldown of 
t h e  tester began. Chilldown involved vent ing l i q u i d  n i t rogen  through 
the  BMT at  a lowered volume in order  t o  cool t h e  tester t o  near  t he  
l i q u i d  n i t rogen  temperature.  This w a s  done in prepa ra t ion  f o r  t h e  f u l l  
flow, e s t a b l i s h e d  when the  BMT s h a f t  begins t o  turn. The BMT cons i s t ed  
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pr imar i ly  of a s h a f t  and four  bear ings turned by a d i e s e l  engine through 
a hydrau l i c  transmission. 

The s t a g e s  of t he  test  cons is ted  of chilldown, engine s tar t ,  engagement 
of t h e  bear ing s h a f t ,  and then increase in rpm of the  bear ing s h a f t  
u n t i l  t h e  des i r ed  speed w a s  reached. F i g u r e  8 shows t h a t  t h e  RMS out- 
put l e v e l  increased  r a t h e r  s t e a d i l y  as t h e  chilldown progressed. This  
w a s  thought t o  be due t o  l i q u i d  n i t rogen  bo i l ing  in t h e  BMT. Immedi- 
a t e l y  a f t e r  t h e  f a s t  chilldown w a s  completed and t h e  rate of cooling 
reduced, t h e  no i se  l e v e l  f e l l  t o  approximately t h e  same l e v e l  as a t  
t h e  beginning of t h e  test. 

The next  event  in t h e  test w a s  t h e  r a i s i n g  of t h e  n i t rogen  pressure  t o  
LOO p s i ;  t h a t  is, t o  e s t a b l i s h  an i n i t i a l  flow condi t ion  through the  
BHT so t h a t  t h e  engine could be s t a r t e d  and t h e  bear ing s h a f t  engaged 
f o r  ro t a t ion .  A cons iderable  i n c r e a s e  in t he  RMS l eve l  w a s  noted as 
t h e  d i e s e l  w a s  s t a r t e d .  This l e v e l  dropped s i g n i f i c a n t l y ,  however, 
when t h e  gea r  was engaged, and increased  aga in  when t h e  flow of l i q u i d  
n i t rogen  w a s  increased  t o  t h e  f u l l  flow condi t ion  requi red  f o r  t h e  test. 
When t h e  BMT s h a f t  w a s  turned up t o  18,370 tpm,  t he  no i se  level 
increased  only s l i g h t l y ,  i n d i c a t i n g  t h a t  t h e  mechanical no ise  associ-  
a t e d  wi th  t h e  normal r o t a t i o n  of t he  bear ing  s h a f t  w a s  only a small p o r  
t i o n  of t h e  t o t a l  background noise .  The sources  of background noise  
were the  mechanical no ise  coming from t h e  d i e s e l  engine, no i se  from t h e  
hydrau l i c  t ransmission,  and no i se  from t h e  n i t rogen  flow. 

The second s t a r t u p  of t h e  BMT occurred a t  1340 hours,  and its record 

no i se  w a s  approximately t h e  same as t h a t  of t h e  in i t ia l  s t a r t u p .  
f i n a l  test s t a r t e d  s h o r t l y  before  1400 hours. During t h i s  tes t ,  the  
s h a f t  speed of t h e  BlfI w a s  increased  t o  the  f u l l  test speed of 
30,000 rpm. 
l e v e l  a t  f u l l  rpm d i f f e r e d  by about 10 percent .  This  aga in  po in t s  ou t  
t h a t  t h e  mechanical noise assoc ia t ed  wi th  tu rn ing  the  bear ing s h a f t  is 
small compared t o  t h e  o t h e r  no i se  sources  in t h e  bear ing tester. 
no i se  sources  are from t h e  flow, engine,  and t ransmission.  A t  t he  end 
of t h i s  tes t  when t h e  BMT was shu t  dorm, t h e  noise level increased  about 
20 percent .  This  increase w a s  not  understood; however, it is assumed t o  
be a result of i n s t a b i l i t i e s  i n  t h e  mechanical components as w e l l  as an 
increase in tu rbulence  in t h e  flow as t h e  l i q u i d  n i t rogen  was t h r o t t l e d .  

. F l l u s t r a t e d  t h e  r e p e a t a b i l i t y  a t  18,000 rpm as t h e  RMS amplitude of t h e  
The 

The no i se  l e v e l  in t h e  at-flow condi t ion  and the  noise  

Those 

The a c o u s t i c  coupler  and i t s  preampl i f ie r  remained a t  t h e  tes t  s i te  f o r  
subsequent BXT tes ts  during which the  output  f rom. the  coupler  was 
recorded on t h e  MSFC da ta  a c q u i s i t i o n  system. F igu re  9 i l l u s t r a t e s  t h e  
record from a por t ion  of tes t  No. 6 ,  conducted on November 3. 
ord i n d i c a t e s  t h a t  (1) t h e  noise  l e v e l  recorded by the  MSFC d a t a  acqui- 
s i t i o n  system is  similar t o  t h a t  recorded with SwRI ins t rumenta t ion  and 
(2)  t he  no i se  l e v e l  from bear ing  No. 3 does not change appreciably from 
test t o  test. Another encouraging r e p o r t  f e a t u r e  is t h a t  t he  noise  
l e v e l  throughout t h e  test w a s  s u f f i c i e n t l y  uniform so t h a t  a change of 

This  rec- 
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only a few percent  In t h e  average noise  l e v e l  could be detected.  
means t h a t  a small inc rease  in noise  due t o  roughness of t h e  bearing 
could be de tec ted  during a bearing t e s t .  

This 

Analysis of Data from Test No. 3 

The coupler  data d i g i t i z e d  on floppy d i sk  by t h e  Nlcole t  204A d i g i t a l  
o sc i l l o scope  were subsequent ly  analyzed in order  t o  eva lua te  t h e  fre- 
quency response throughout t h e  test. 
age w a s  used t o  perform t h e  f a s t  Four ie r  t ransformat ion  on the  recorded 
waveforms and a l s o  t o  reproduce t h e  time-domain waveform. 
i l l u s t r a t e s  t he  frequency-domain and time-domain da ta  from the  pos t - tes t  
c a l i b r a t i o n  check on t h e  a c o u s t i c  coupler.  

A s tandard  waveform analysis pack- 

Figure LO 

This c a l i b r a t i o n  check cons i s t ed  of a sha tp  impulsive signal generated 
by a 0.51nm pencil-lead break (Hsu-Nielsen source) .  
tude of t h i s  signal input is very small compared t o  t h e  continuous 
noise  generated by t h e  BMT, it does provide a broad spectrum signal and 
a reasonably uniform signal amplitude for v e r i f y i n g  t h e  proper func t ion  
of t h e  a c o u s t i c  coupler  and t h e  preampl i f ie r .  The signal i nd ica t ed  in 
Figure  10 had a maximum peak-tcrpeak amplitude of 83 mV, and t h e  f re -  
quency response extended t o  a l i t t l e  above 700 kHz with one dip in t h e  
spectrum at  about 350 kHz. 
shows t h e  effect of t h e  high-pase f i l t e r  i n  t h e  preampl i f ie r ,  which is 
set at  a cu to f f  frequency of 200 kEz. 

While t h e  ampli- 

The lower end of t h i s  frequency-domain p l o t  

I n  F igu re  11, t h e  frequency- and time-domain data are shown f o r  a wave- 
form segment recorded a t  f u l l  coolan t  flow, but  p r i o r  t o  beginning of 

' t h e  s h a f t  r o t a t i o n .  The primary response w a s  s l i g h t l y  above 200 kEz, 
and t h e  response of t h e  flow no i se  above 300 kHz w a s  very  low. 
I n d i c a t e s  t h a t  (1) t h e  no i se  w a s  p r imar i ly  due t o  turbulence  In t h e  
flow and (2) no evidence of c a v i t a t i o n  was ind ica t ed  in t h e  flow. As 
shown on t h e  f i g u r e ,  t h e  record w a s  taken wi th  a f i n a l  a m p l i f i e r  gain 
of 40 dB. 
t h e  remainder of t h e  t e a t .  A t  40 dB, t h e  maximum amplitude Indica ted  
here was 5.59 volts. When we rescaled to correspond to a 20-dB gain, 
t h i s  maximum amplitude would reduce t o  0.559 v o l t .  

* 

This 

This was immediately p r i o r  t o  reducing t h e  ga in  t o  20 dB f o r  

F igure  12 shows t h e  change i n  amplitude and spectrum regarding 
frequency-domain and t imedomain d a t a  when t h e  tester w a s  turned t o  Its 
f u l l  30,000 rpm. I n t e r e s t i n g l y ,  t h e  maximum signal amplitude Increased 
t o  only 0.616 v o l t  compared t o  0.559 under the  f u l l  flow condi t ion.  
The frequency-domain d a t a  Indica ted  t h a t  the  noise  i n  t h e  higher  f r r  
quency region had increased  s l i g h t l y  i n  propor t ion  t o  t h e  noise  In t h e  
200-kEz tu rbulence  peak; however, t h e r e  w a s  s t i l l  no i n d i c a t i o n  of t h e  I 

p o s s i b i l i t y  of c a v i t a t i o n  i n  t h e  flow. Addi t iona l ly ,  no i n d i c a t i o n  
appeared of continuous high-frequency no i se  which would be a s soc ia t ed  
with a damaged o r  roughened bearing. 
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T I M E  D O M A I N  D A T A  I F R E Q U E N C Y  D O M A I H  D A T A  C M R G i  n 

‘ - L i .  

0 64 128 l?2 2 5 6  129 2 5 7  3 e s  5 1 3  * 1 

F R E Q .  INTERLiAL= 9 7 6 5 . 6 2 5  A T I M E = . 0 8 @ 1 3 @ 0 2  S E C  
M A X  V A L U E  = . 0 3 8 7 8 3 1 2 5  A B S < M A X j =  8.32009E-2 

Di8k 17/Tr8ct 2/Ql Sa.ple Rate - 200 now 

Figure 10. Frequency Spectrum and Waveform of the Post-Test 
Calibration Check on the AE Coupler 

FREQUENCY D O M A I N  DATA < H A C >  T I M E  D O M A I N  D A T A  T I  t 

6 4 128 192 2 5 6  1 123 2 5 7  7 8 5  5 1 3  
9 

8 
F R E Q .  INTERVAL= 9 7 6 5 . 6 2 5  P T I M E = . 0 8 8 8 0 0 2  SEC 
M A X  VRLUE = 1 . 3 8 2 1 3 0 4 5 7 0 2  A B S < M R X ) =  5 . 3 9 3 9 9 9 9 9 9 5 6  

Sample Rate - 200  noec 

Figure 11. 
F l o w  of Test No. 3 

Frequency Spectrum and Waveform from L i q u i d  Nitrogen 
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6 4  1 2 8  1 4 2  296  1 123 2 5 7  3 8 5  5 1 3  
A T I M E = . @ @ @ 9 @ 0 2  S E C  
ABS(MAX)= . 6 1 6 8 0 6 @ 0 @ @ 5  

0 
F R E Q .  INTERVAL= 3 7 6 5 . 6 2 5  
M A X  VALUE = 167612322425  

Figure  12. Frequency Spectrum and Waveform of t h e  Acoustic 
Coupler Response During Shutdown from T e s t  No. 3 

Data recorded during t h e  shutdown sequence and presented in Figure  13 
showed a high inc rease  in t h e  amplitude and the  presence of high- 
frequency componerlts in t h e  frequency-domain data. The time-domain 
da ta  i n d i c a t e d  t h a t  t h e  peak-to-peak amplitude increased  by more than 
a f a c t o r  of 2; and t h e  frequency-domain data ind ica t ed  t h a t  very high- 
trequency components, p a r t i c u l a r l y  above 600 kHz, were present  t h a t  

The high-frequency components could be indic- 
a t i v e  of c a v i t a t i o n  dur ing  t h e  shutdown sequence o r  a change in mechan- 
ical no i se  when t h e  load on t h e  t ransmiss ion  was reversed. This condi- 
t i o n  was p a r t i c u l a r l y  d i f f i c u l t  t o  exp la in ,  s ince  it d id  not appear on 
the  data recorded from subsequent tests. 

. were not  no t iced  before.  

The v i s u a l  examination of a l l  f o u r  bear ings  fol lowing test No. 3 indi -  
cated t h a t  no no t i ceab le  bear ing damage occurred on any of the  fou r  
bear ings  during t h i s  test. During subsequent tests, v i s i b l e  damage was 
repor ted  on bearing No. 2. The a n a l y s i s  of the  a c o u s t i c  coupler  
response from the  subsequent tests, however, d id  not i n d i c a t e  an 
increase in t h e  noise  l e v e l .  This  is encouraging because the  a c o u s t i c  
coupler  mounted on bear ing  No. 3 should not  d e t e c t  no ise  from bearing 
No. 2. 

Analys is  of da t a  recorded from test No. 3 and a comparison w i t h  data 
recorded by the  MSFC da ta  a c q u i s i t i o n  system i n d i c a t e d  t h a t  the  acous- 
t i c  coupler  as t e s t e d  w a s  opera t ing  in a frequency range where i t  would 
be p o s s i b l e  t o  d e t e c t  an inc rease  in noise  due t o  wear o r  damage t o  a 
bearing. In a d d i t i o n ,  t h e  a c o u s t i c  coupler  c l e a r l y  was a b l e  t o  with-  
s tand  the  cryogenic temperatures and mechanical v i b r a t i o n s  a s soc ia t ed  
wi th  t h e  BMT, s ince  it performed s a t i s f a c t o r i l y  on s e v e r a l  consecut ive 
t e s t  runs of t he  BMT. 
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Figure  13. Frequency Spectrum and Waveform of t h e  Acoustic 
Coupler Response During Shutdown from T e s t  No. 3 

Figure  14  i l l u s t r a t e s  t h e  condi t ion  of t h e  BMT immediately following 
test tun No. 3. The p reampl i f i e r  w a s  mounted a s u f f i c i e n t  d i s t a n c e  
away from t h e  BMT t o  avoid t h e  cold and f r o s t  t h a t  occur d i r e c t l y  on 
t he  BMT. The a c o u s t i c  coupler  was subjec ted  t o  the  cold and f r o s t ,  bu t  
t h i s  d id  not caused d e t e r i o r a t i o n  of t h e  a c o u s t i c  coupler  response. 

In summaq, t he  t e s t i n g  of the  a c o u s t i c  coupler  on t he  BMT at Marshal l  
Space F l i g h t  Center  w a s  successfu l .  It demonstrated t h a t  t h e  a c o u s t i c  
coupler  des ign  w a s  w i th in  the  nominal opera t ing  range. 

4. CONCLUSIONS AM) RECOkQENDATIONS 

From the  r e s u l t s  of l abora to ry  tests and tests on the  BMT a t  the Ma? 
s h a l l  Space F l i g h t  Center, the  acoustic coupler  design proved t o  be 
s a t i s f a c t o r y  f o r  monitor ing the  cryogenic  bear ings  dur ing  t e s t i n g  on 
t h e  BMT. Fur the r ,  t he  des ign  of t he  acoustic coupler ,  i t s  frequency 
range of d e t e c t i o n ,  the  dynamic noise  range, and the  s e l e c t e d  ga in  of 
t h e  a m p l i f i e r  were such t h a t  t h e  d e t e c t i o n  of increased  bear ing noise  
due t o  worn or  damaged bear ings was poss ib le .  No conclusion can be 
reached about t he  e f f e c t  of c a v i t a t i o n ,  s ince  c a v i t a t i o n  w a s  not 
de t ec t ed  during these  tests; however, i t  may be assumed t h a t  c a v i t a t i o n  
would ove r r ide  t h e  mechanical no ise  from the  bear ings  and prevent the  
p o s s i b i l i t y  of d e t e c t i n g  bear ing  damage. S ince  t h i s  in i t ia l  test of 
t h e  prototype a c o u s t i c  coupler  w a s  success fu l ,  w e  recommend t h a t  acous- 
t i c  couplers  be i n s t a l l e d  on a l l  f o u r  bear ings in the BMT so t h a t  d i r e c t  
comparisons can be made among them. This comparison will allow us t o  
f u l l y  eva lua te  t h e  s e n s i t i v i t y  of the  a c o u s t i c  coupler  f o r  d e t e c t i o n  of 
bear ing damage. 
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. - Figure 14. Frost-Covered Bearing Materials Tester Immediately 
After Completion of a Bearing Test 


